Abstract
Introduction

32
Laser additive manufacturing (LAM) selectively fuses powder particles together using a focused 33 laser beam, layer-by-layer, to build up complex 3D objects [1] . It offers great promise in aerospace, 34 nuclear fusion, and energy storage applications [2] ; however, the uptake of LAM technologies in these 35 areas has been hindered by inconsistent part performance. Specifically, the mechanical [3,4], thermal 36 and electrical properties [5] of additive manufactured components have been lower than wrought 37 components due to the accumulation of residual stresses [6] and the presence of defects, such as 38 porosity [7, 8] , balling [9] , and cracks [10] .
39
Defect formation mechanisms are difficult to characterise due to the timescale of the laser-matter 120
where is the photoelectron take-off angle, and are the average inelastic mean free path (IMPF)
121
of the oxides/hydroxide and metal, respectively. The IMPF values ( ) were either directly obtained or 122 calculated based on TPP-2M equation in the NIST standard reference database 71 (version 1.2). [51] 123 and are the volume densities of the metal atoms in oxides/hydroxide and metal, respectively.
, ℎ , and are the area percentages of the oxides, hydroxide and metal from the high-
125
resolution spectrum, respectively.
126
In situ and operando LAM with synchrotron X-ray imaging
127
To reveal the effects of powder oxide on the fluid dynamic behaviour during LAM, we compare the 128 additive manufacture using the same Invar 36 powder in two conditions, firstly in as-supplied (low oxide 129 condition) and secondly after storage for ca. 1 year (high oxide condition). Using a LAM process 130 replicator (LAMPR) that can be accommodated on a synchrotron imaging beamline we perform an ca. one year to simulate prolonged powder storage effects, allowing powder oxidation. A second single 144 layer track AM build (B2.1) was produced ca. one year after B1 using the oxidised Invar 36 powder
145
under precisely the same experimental conditions as B1. In addition, we laid down second (B2.2) and 146 third (B2.3) layer melt tracks above the previous melt track while performing X-ray imaging to investigate 147 the track-to-track interaction during LAM of the oxidised powder. In this study, the powder was manually 148 spread above the substrate and melt tracks without lowering the substrate, therefore the layer thickness 149 varied depending on how the prior melt track was formed. For B2, the layer thickness was ca. 3000 µm,
150
670 ± 420 µm, and 410 ± 170 µm for B1.1, B2.2, and B2.3, receptively.
151
All experiments were captured by synchrotron X-ray radiography at 5100 frames per second (fps)
152
using 55 keV monochromatic X-rays, custom module optics with a 700 µm thick LuAg: Ce scintillator 
155
image acquisition system was synchronised with the LAMPR using a ring buffer mode that continuously
156
recorded images into the on-board memory of the camera. Once the laser was triggered, twelve 
168
The acquired synchrotron radiographs were post-processed and analysed using MATLAB 2016a.
169
They were normalized by flat field correction [53] to remove image artefacts. A denoising algorithm,
170
VBM3D [54] , was applied, followed by background subtraction and segmentation. We quantified the 171 spatter size and morphology, melt track geometry (e.g., length and depth), and internal porosity over
172
time (see details in [7, 8] 
174
Results and discussion
175
The particle size distribution of the oxidised powder is 5 -70 µm with a mode of 10 µm (Figure 1 ).
176
The Inset SEM image shows the powder surface before B2 is covered with oxides (Figure 1a) , however,
177
it exhibits a similar morphology and shape of the virgin powder before B1 (see details in ref [7] ). The
178
XRD pattern (Figure 1b) 
184
Given that the penetration depth of EDS is < 5 µm, the oxygen results are mainly associated with
185
the oxide layer at the powder surfaces, therefore we removed the oxygen content and normalised the 
193
The influence of powder surface chemistry on the molten pool dynamics is not well understood, 
205
Using the O 1s spectra (Figure 2c and g) 
229
newly formed molten pool then merges with the melt track. [7, 8] The aforementioned track formation 230 mechanisms are summarised as molten pool wetting [7, 8] and vapour-driven powder entrainment [7, 36] .
231
No pores are evident during melt track extension but spatter continues to eject from the powder bed in 232 the same scan direction of the laser beam and argon gas flow. [7, 41] Detailed quantification of the 233 molten pool geometry and porosity during LAM is discussed in section 3.4. reported to the LAM of virgin powder study [7] . 
271
We speculate that the denudation zone is in an inverse bell shape and it contains a high concentration 
274
driven powder entrainment for melt track extension [7, 35, 36] .
275
During the overhang build, the melt track extends deeper into the powder bed while expanding in 
287
We have quantified the spatter size and velocity during LAM of virgin and oxidised powders, and 288 also analysed the spatter behaviour over three different spatter size categories: (I) one; (II) one to two; studies wherein a majority of spatter is 1 to 2 times the particle size distribution. The oxidised powder 291 study generates slightly more category III spatter (>132 μm) than the virgin powder study. 
295
the spatter velocity in both cases matches prior studies. [7, 8] 
306
In the virgin powder study, pore bursting is not evident under the processing conditions used in this 307 study. However, Leung et al. [7] demonstrated that pore bursting occurs during solidification via pore 308 coalescence and pore migration.
309
In the oxidised powder study, we have revealed a different pore bursting mechanism during LAM 
324
Between 10 and 34.8 ms, the laser beam causes the liquid bridge to double its size while accelerating 325 its internal melt flow, which promotes pore coalescence, growth, and transport. By 34.8 ms, the
326
Marangoni-driven flow entrains gas pores towards both ends of the liquid bridge, significantly weakening 327 its structural integrity. The laser beam raises the temperature of the material surrounding the pore,
328
heating the gas pore (see red dotted arrows) and expanding the volume of the gas pore proportionally.
329
Once the gas pressure exceeds the surface tension of the liquid bridge, the liquid bridge ruptures (35 
333
Based on our observations, there is no visible laser re-melting feature at the bottom of the pore until 334 40 ms (orange dotted circle in Figure 6 ). This indicates that the droplet spatter is ejected before the
335
formation of an open pore, and hence metal vaporisation did not contribute to the formation of droplet
336
spatter and open pores, an additional mechanism to prior hypotheses [35, 36, 42] .
Regarding the formation mechanism of open pores, Qiu et al. [69] hypothesised that they are formed 338 by insufficient liquid feeding; however, Leung et al. [7] revealed that open pores are formed by pore 
351
In the third layer build, laser re-melting removes many large pores in second layer melt track but also 
388
Video 8, it is also evident that with virgin powder, the pores are driven to the surface by centrifugal
389
Marangoni convection and then escape into the atmosphere.
390
In contrast, the melt track produced by the oxidised powder shows a large increase of porosity at 
422
Conclusions
423
This study addresses the effects of powder oxidation on the molten pool dynamics and reveals
424
new, evolution mechanisms of spatter, porosity and denuded zone during LAM of virgin and oxidised
425
powders.
426
Three types of powders were characterised by SEM-EDS, IGF-IR, and XPS, including a virgin reference virgin powder. The oxidised powder shows an increasing of oxide layer thickness due to either 429 oxygen pick up from powder handling and/or long-term storage under non-ideal conditions.
430
Our results confirm that molten pool wetting and vapour-driven powder entrainment are key track 
435
Two types of pores are revealed in the melt tracks: Type I gas pores have a diameter less than 436 250 μm, a low solubility, and a high buoyancy in the liquid metal whereas type II pores with a diameter 437 greater than 250 μm can be formed by coalescing type I pores and also promoted by the presence of 438 oxide film, stabilising the pore structure and restricting pore transport.
439
The powder surface chemistry is very complex and has impacts to powder agglomeration and 440 defect formation. In the oxidised powder study, a significant amount of spatter is evident during LAM
441
and some of which are covered by powder agglomerates, removing significant of powder in the powder 442 bed.
443
Laser re-melting under layer-by-layer conditions may disrupt the oxide layers within the prior melt 444 tracks, enabling gas pores to escape into the atmosphere via keyholing. It also reduces the size of pre-
445
existing pores if these pores are located within the laser penetration depth of ca. 1 mm for the conditions 446 studied. Otherwise, pores are partially filled by liquid feeding, changing them from a spherical to an 447 irregular shape.
448
We uncover two new phenomena associated with pore bursting during LAM: (1) 
452
The quantified results and the proposed mechanisms show defects in the additive manufacture 
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Influence of processing conditions on strut structure and compressive properties of cellular 
